Studies in both humans and animals suggest detrimental effects of psychological stress on reproduction. Although our recent study shows that maternal-restraint stress diminishes oocyte developmental potential, the mechanism behind this effect is unknown. This prompted us to study the potential role of maternal-restraint stress in the genesis of aneuploidy during meiosis I. At 24 h after equine chorionic gonadotropin injection, mice were subjected to restraint stress for 24 h. After the restraint, some mice were killed to recover immature oocytes for in vitro maturation, while others were injected with human chorionic gonadotropin to recover in vivo matured oocytes. Analysis on chromosome complements of both mature oocytes and parthenotes confirmed that maternal restraint increased aneuploidy in both in vivo and in vitro matured oocytes and that the percentage of aneuploid oocytes were three times higher in the earlier matured oocytes than in the later matured ones. Further observations indicated that maternal restraint 1) impaired metaphase I (MI) spindle assembly while inhibiting MAPK activities, 2) accelerated progression of anaphase I while down-regulating the expression of spindle assembly checkpoint (SAC) proteins, and 3) induced intraoocyte oxidative stress. The following possible model was proposed to explain the results. Maternal-restraint stress increased oocyte aneuploidy by impairing MI spindle assembly and decreasing the SAC. Whereas abnormal spindles would affect centromere attachments, a reduction in SAC would accelerate the anaphase I progression. Failure of centromere attachment, together with the hastened anaphase, would result in nondisjunction of the unattached chromosomes. Furthermore, maternal-restraint stress might also impair spindle assembly and SAC function by inducing intraoocyte oxidative stress, which would then reduce MAPK activity, a critical regulator of microtubule assembly and the establishment and maintenance of the SAC during oocyte maturation.
INTRODUCTION
Studies in both humans and animals suggest that psychological stress on reproduction has detrimental effects. Psychosocial stress during pregnancy of women are associated with spontaneous preterm birth and low birth weight [1, 2] . Psychological stress among women undergoing in vitro fertilization (IVF) or gamete intrafallopian transfer [3] are often associated with a decrease in number of oocytes retrieved and fertilized as well as a decrease in pregnancy, live birth delivery, and birth weight [4] . Furthermore, infertile women have a different personality profile in terms of harboring more suspicion, guilt, and hostility, and their circulating prolactin and cortisol levels are elevated compared to the fertile controls [5, 6] . Mice and rats exposed to restraint stress during pregnancy show impaired function of corpora lutea and reduced pregnancy rates and litter size [7] [8] [9] . Regrouping group-housed sows after weaning results in elevated blood cortisol concentrations [10] , and in such sows, rebreeding is performed more often after an irregular estrus-to-estrus interval than in sows kept in individual stalls [11] . Furthermore, shortterm maternal psychological stress applied to ewes after conception affects fetal growth and gestation length [12] .
According to Hobel and Culhane [13] , stressors present early in pregnancy are most likely present before pregnancy and hence, to improve pregnancy outcome, interventions have to begin before conception. In fact, a prospective study indicates that stressful life events may reduce the chances of a successful outcome following IVF, possibly through psychobiological mechanisms affecting medical endpoints such as oocyte retrieval outcome [14] . Furthermore, our recent study has unequivocally shown that maternal-restraint stress applied during follicular growth and maturation significantly diminishes the developmental potential of mouse oocytes [15] . However, although studies indicate that stress can alter cortisol-excretion patterns during the estrous cycle, which ultimately affects the hormonal profile in critical stages of the reproduction process [16] [17] [18] , the mechanism by which psychological stress damages the oocyte is largely unknown.
Aneuploidy refers to karyotypic abnormalities characterized by the gain or loss of individual chromosomes. This condition is associated with disease and death in every organism in which it has been studied. In humans, embryos with certain types of chromosomal abnormalities are negatively selected during preimplantation embryo development [19] , and euploidy is positively related to the morphological grade of embryos [20] . Examination of fetal tissue from spontaneous miscarriages shows that about 60% of them are caused by abnormal karyotype, and among them, aneuploidy is detected in 83% of the samples [21, 22] . Furthermore, an increase in aneuploidy has been considered the major underlying factor responsible for the increase in infertility with advancing age in human females [23] [24] [25] . For instance, the incidence of aneuploidy in eggs from women in their twenties is about 2% but dramatically increases to 35% when they are about 40 yr old, and it is estimated that by the fifth decade of life, as many as 50% of the ovulated eggs are aneuploid [26, 27] . Rats subjected to swim stress, to white noise, or to continuous or intermittent inescapable foot shock stress show significant increases in both the level of chromosome aberrations and sister chromatid exchanges in bone marrow cells [28] . Chromatid exchanges and chromosome aberrations are also observed in male rats subjected to white noise of either 72-or 240-h duration, demonstrating damage from chronic stress [29] . However, the effect of psychological stress on the genesis of oocyte aneuploidy has rarely been reported. Although the limited studies conducted so far indicate that acute immobilizing stress significantly increases the frequency of aneuploidy in both male [30] and female germ cells [31] , whether the psychological stress impairs oocyte developmental potential by inducing chromosome aberrations needs more detailed investigations using models that best mimic the situation during psychological stress.
In most mammals, oocytes enter into the early stages of meiosis during fetal life and become arrested at the dictyate stage of prophase I until after birth when some of them begin to grow [32] . The fully grown oocyte contains a large nucleus termed germinal vesicle (GV) and it will resume meiosis following the stimulus of gonadotropin on the follicles. The resumption of meiosis results in GV breakdown (GVBD) followed by formation of the first polar body and the mature metaphase II (MII) oocyte. Following GVBD, the first meiotic spindle assembles, and paired homologous chromosomes (bivalents) align along the equator before their timely separation during anaphase I. Fertilization and preimplantation development depend on the successful completion of cytoplasmic maturation in parallel with nuclear maturation and the accurate segregation of chromosomes at meiosis I [24, 33, 34] . Studies in cattle indicate that oocyte development at the prematuration stage in dominant follicles immediately before the luteinizing hormone (LH) surge is crucial for the acquisition of developmental competence [35] . Furthermore, our recent study has demonstrated that the second 24-h period is more vulnerable than the first 24-h period to the restraintinduced impairment of oocyte competence after female mice are injected with equine chorionic gonadotropin (eCG) [15] . Although the processes of spindle formation and chromosome segregation during oocyte maturation after GVBD are believed to be particularly sensitive to both the physical and chemical environment [36, 37] , the importance of the prematuration environment before GBVD in the genesis of oocyte aneuploidy is not known.
Restraint of animals is an experimental procedure developed to study psychogenic stress [38, 39] . According to Golub et al. [40] , psychogenic implies that no invasive physical procedure or tissue trauma is involved but, rather, that the stress response is initiated in the brain by the psychological distress of being unable to move freely. Two subtypes of restraint that are often used are confinement, where movement is limited by a plastic or metal tube [41] , and immobilization, where the animal's limbs and body are held immobile by tape or plaster [42] . However, metal tubes also restrict vision and light, which may reduce or enhance stressfulness [40] , and tape or plaster immobilization may cause physical insults, such as impairment of blood flow. To overcome these shortcomings, we have established a new restraint system in which mice were restrained in a small, steel-wire mesh cage that was placed in their home cage with exactly the same photoperiod and controlled temperature as those of the unstressed control animals and that allowed the mice to move back and forth and take food and water freely [15] . In this paper, the effect and the possible mechanisms of maternal psychological stress on the genesis of oocyte aneuploidy are studied by using our restraint system that models psychological stress and that is applied during the critical stage of oocyte development: the prematuration stage. Analysis of chromosome complements of both MII oocytes and parthenotes confirm that maternal-restraint stress increases aneuploidy in both in vivo and in vitro matured oocytes. Further observations indicate that maternal restraint 1) impairs MI spindle assembly while inhibiting MAPK activities, 2) accelerates progression of anaphase I while down-regulating the expression of spindle assembly checkpoint (SAC) proteins, and 3) induces intraoocyte oxidative stress. Together, the results suggest that maternal-restraint stress increases oocyte aneuploidy by impairing MI spindle assembly and decreasing SAC. Whereas abnormal spindles would affect centromere attachments, a reduction in SAC would accelerate the anaphase I progression. Failure of centromere attachment, together with the hastened anaphase, would result in nondisjunction of the unattached chromosomes. Furthermore, maternal restraint stress might impair spindle assembly and SAC function by inducing intraoocyte oxidative stress, which would then reduce MAPK activity, a critical regulator of microtubule assembly and the establishment and maintenance of SAC during oocyte maturation.
MATERIALS AND METHODS
Unless otherwise specified, all the chemicals and reagents used in the present study were purchased from Sigma Chemical Co.
Mice and Restraint Treatment
Mice of the Kunming strain were kept in a room with 14L:10D cycles, with the dark cycle starting at 2000 h. The animals were handled by the rules stipulated by the Animal Care and Use Committee of Shandong Agricultural University.
Female mice at 6-8 wk of age were injected intraperitoneally (i.p.) with 10 IU (international units) eCG; 24 h later, the mice were subjected to restraint stress for an additional 24 h that consisted on placing individual mice in a microcage constructed by the authors [15] ; these microcages were subsequently placed in the respective home cages. The microcage offered the same photoperiod and controlled temperature as the larger home cage for the unstressed animals. While in the microcage, the mice could move back and forth to some extent and could take food and water freely, but they could not turn around.
Recovery of Oocytes and In Vitro Maturation
To recover in vivo matured oocytes, mice were injected i.p. with 10 IU human chorionic gonadotropin (hCG) soon after the end of the restraint treatment and 16 h later the mice were killed to collect the oocytes from the oviducts. To recover immature oocytes at the GV stage, mice were killed immediately after the restraint treatment and the large follicles on the ovary were ruptured in M2 medium to release cumulus-oocytes complexes (COCs). Only COCs with more than three layers of unexpanded cumulus cells and containing oocytes larger than 70 lm in diameter and with a homogenous cytoplasm were selected for in vitro maturation.
After being washed three times in M2 and once in the maturation medium, the recovered COCs were cultured in groups of around 30 in 100 ll of maturation medium at 37.58C in a humidified atmosphere of 5% CO 2 in air. The media used for oocyte maturation consisted of either modified a-MEM (1.8 mM CaCl 2 , 0.81 mM MgSO 4 , 5.3 mM KCl, 26.2 mM NaHCO 3 , 117.2 mM NaCl, 1.0 mM NaH 2 PO 4 , 5.6 mM D-glucose, 0.03 mM phenol red, and 1 mM sodium pyruvate) or TCM-199 (Gibco). TCM-199 was modified by supplementation with 10% (v/v) fetal bovine serum (Gibco), 1 lg/ml 17b-estradiol, 24.2 mg/ml sodium pyruvate, 0.05 IU/ml follicle-stimulating hormone (FSH), 0.05 IU/ml LH, and 10 ng/ml epidermal growth factor); a-MEM was modified by supplementation with 2 mM glutamine, 4 mg/ml bovine serum albumin (BSA), and 10 IU/ml eCG.
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Oocyte Activation and Parthenote Culture
At 24 h of maturation culture, oocytes were stripped of their cumulus cells by pipetting in M2 containing 0.1% hyaluronidase. After being washed twice in M2 and once in activating medium (Ca 2þ -free CZB medium supplemented with 10 mM SrCl 2 and 5 lg/ml cytochalasin B), the oocytes were incubated in the activating medium for 6 h at 37.58C in a humidified atmosphere with 5% CO 2 in air. At the end of the activation treatment, the oocytes were examined with a microscope for the evidence of activation. Oocytes were considered activated when they contained one or two well-developed pronuclei. Activated oocytes were cultured for 4 days in regular CZB (30-35 oocytes per 100-ll drop) at 37.58C under humidified atmosphere with 5% CO 2 in air. Glucose (5.5 mM) was added to CZB when the parthenotes were cultured beyond the 3-or 4-cell stage.
Oocyte Chromosome Preparation
Whereas in vitro matured oocytes at the MII stage were collected at 17 h of maturation in regular medium, oocytes at the MI stage were recovered at 10 h of maturation in medium supplemented with 0.2 lg/ml demecolcine. Both in vivo and in vitro matured oocytes were freed of cumulus cells and placed in 1% sodium citrate (hypotonic solution) for 1.5 h at 48C. Three to five oocytes were then transferred with as little solution as possible onto a glass slide and fixed in situ with several drops of methanol: acetic acid (3:1). After air-drying, the slides were stained with 2% Giemsa and observed for chromosomes.
For chromosome C-banding, slides following fixation were aged for 5-7 days at room temperature. The slides were then treated with 0.1 N HCl for 15 min at room temperature followed by treatment with 2% Ba(OH) 2 for 10 min at 658C. Finally, the slides were incubated for 1 h in 0.3 M NaCl plus 0.03 M sodium citrate at 658C. After being rinsed thoroughly in distilled water, the slides were stained with 2% Giemsa and observed for chromosomes under a light microscope.
Parthenote Chromosome Preparation
The 2-to 4-cell parthenotes or blastocysts were incubated for 8-10 h in CZB with 0.2 lg/ml demecolcine at 37.58C under humidified atmosphere with 5% CO 2 in air. At the end of the incubation, the zona pellucida of the parthenotes was removed by brief exposure to acidic Tyrode solution (pH 2-2.5). A fixative drop of 1% paraformaldehyde in distilled water (pH 9.2) containing 0.15% Triton X-100 and 3-mM dithiothreitol was placed on a slide, and about 10 parthenotes were transferred into the drop. The blastomeres would burst and spread onto the slide within a few seconds. The slide was then allowed to dry slowly in a humid chamber and, after a few hours, stained with 10 lg/ml Hoechst 33342 and observed for chromosomes under a fluorescence microscope.
Analysis of Chromosome Spreads
Microscopic images of oocyte or blastomere spreads were captured with a luminary charge-coupled device camera. Only spreads with clearly identifiable chromosomes were included for analysis; those with clumped, overlapping, or excessively spread (outside the field of view) chromosomes were excluded. For MII oocytes, the numbers of haploid (20 chromosomes, each with 2 chromatids), hypohaploid (,20 chromosomes), and hyperhaploid (.20 chromosomes) oocytes were counted. For oocytes at MI, the numbers of diploid (20 bivalents, 40 chromosomes in total), hypoploid (,20 bivalents), and hyperploid (.20 bivalents) oocytes were counted. Because nondisjunction during meiosis would lead to equal numbers of hypohaploid and hyperhaploid oocytes and because it is well recognized that chromosome loss during the process of spreading the oocyte can lead to an overestimate of the percentage of hypohaploid oocytes, we ignored spreads with missing chromosomes and calculated only the percentage of hyperhaploid oocytes. In addition, premature separation of sister chromatids (PSSC) with the two chromatids of the chromosome prematurely separated at the centromere and premature chromosomal separation (PCS) with homologous chromosomes separated were observed in MII and MI oocytes, respectively. PSSC and PCS were defined as separations greater than the width of a chromatid and chromosome, respectively.
For parthenotes, the number of diploid (all the blastomeres examined were diploid with 2n ¼ 40 chromosomes), aneuploid (all the blastomeres examined were either hyperploid with 2n . 40 chromosomes or hypoploid with 2n , 40 chromosomes), and mosaic (mixed with hypoploid, hyperploid, and/or diploid blastomeres) parthenotes were counted in 2-cell parthenotes for which both blastomeres were analyzed, in 4-cell parthenotes for which at least four blastomeres were analyzed, and in blastocysts for which at least four blastomeres were analyzed.
Immunofluorescence Microscopy
Oocytes collected at different times of in vitro maturation were freed of cumulus cells as described above. After being washed three times in M2, the cumulus-free oocytes were freed of zona pellucida with 0.5% pronase (Roche Diagnostics GmbH) in M2 at 378C for 5 min. The oocytes were then fixed with 4% paraformaldehyde in PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM ethylene glycol tetraacetic acid, and 4 mM MgSO 4 , pH 7.0) for at least 30 min at room temperature, followed by treatment with 1% Triton-X 100 in PHEM for 10-15 min. The oocytes were then blocked overnight in PHEM containing 1% BSA and 100 mM glycine at 48C. To observe phosphorylated MAPK (p-MAPK) or BUB1 expression, blocked oocytes were incubated 1) overnight with rabbit anti-p-MAPK3/1 (1:200; Bioworld) or rabbit anti-BUB1 (1:400; Abcam) in 3% BSA in M2; 2) for 1 h with Cy3-conjugated goat-anti-rabbit immunoglobulin G (1:800; Jackson ImmunoResearch) in 3% BSA in M2; 3) for 1 h with fluorescein isothiocyanate (FITC)-conjugated anti-a-tubulin monoclonal antibody (1:50) in 3% BSA in M2; and 4) for 10 min with 10 lg/ ml Hoechst 33342 in M2. To observe chromosome spindles, blocked oocytes were subjected to steps 3 and 4 only to stain tubulin and chromosomes, respectively.
The stained oocytes were mounted on glass slides and observed with a Leica laser scanning confocal microscope (TCS SP2; Leica Microsystems). Blue diode (405 nm), argon (488 nm), and helium/neon (543 nm) lasers were used to excite Hoechst, FITC, and Cy3, respectively. Fluorescence was detected with the following bandpass emission filters: 420-480 nm (Hoechst), 505-540 nm (FITC), and 560-605 nm (Cy3), and the captured signals were recorded as blue, green, and red, respectively. The individual optical sections were digitally recombined into a single composite image using the Leica Confocal Software.
The relative contents of p-MAPK and BUB1 were quantified by measuring fluorescence intensities. For each experimental series, all the images were acquired with identical settings. The relative intensities were measured on the raw images using Image-Pro Plus software (Media Cybernetics Inc.) under fixed thresholds across all the slides. In each experiment, the average relative fluorescence of unstressed control oocytes with normal spindles was set to 100%, and the averages of stressed oocytes with normal or abnormal spindles were expressed relative to this value. All the experiments were repeated at least three times.
Western Blot Analysis of MAD2 and BUB1
Three hundred and fifty oocytes were washed three times in a sample buffer containing 50 mM Tris, pH 7.2, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 60 mM n-octyl glucopyranoside, 500 mM NaCl, 10 mM MgCl 2 , 10 lg/ml leupeptin, 10 lg/ml aprotinin, and 1 mM phenylmethylsulphonyl fluoride. The oocytes were then transferred to a 0.5-ml microtube with 20-ll sample buffer and lysated by three to five cycles of freezing and thawing. The lysates were boiled for 5 min and subjected to SDS-PAGE. The protein samples were then transferred onto a polyvinylidene fluoride membrane and blocked at 48C overnight in TBST (150 mM NaCl, 2 mM KCl, 25 mM Tris, 0.05% Tween-20, pH 7.4) containing 3% BSA. The blocked samples were blotted with primary antibodies against MAD2 (1:200, sc-6329; Santa Cruz Biotechnology, Inc.) or BUB1 (1:2000, ab9000; Abcam Ltd.) for 2 h at 378C, followed by incubation for 2 h with alkaline phosphatase-conjugated secondary antibodies (1:1000; Zhongshan Golden Bridge Biotechnology Co., Ltd.). Immunoreactive bands were visualized using a BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime Institute of Biotechnology). In each sample, b-actin was analyzed as the control using anti-b-actin antibodies.
Assay for Intracellular Glutathione
Cumulus-free oocytes were washed three times in M2. Five microliters of distilled water containing 35-40 oocytes was transferred to a 1.5-ml microfuge tube to which 5 ll of 1.25 M phosphoric acid was added. Samples were frozen at À808C and thawed at room temperature. This procedure was repeated three times. The samples were then stored at À808C until analyzed. Concentrations of total GSH (GSX) in the oocyte were determined by the 5,5 0 dithiobis(2-nitrobenzoic acid) (DTNB)-oxidized glutathione (GSSG) reductase-recycling assay. Briefly, 700 ll of 0.33 mg/ml NADPH in 0.2 M sodium phosphate buffer containing 10 mM ethylenediaminetetraacetic acid (stock buffer, pH 7.2), 100 ll of 6 mM DTNB in the stock buffer, and 190 ll of distilled water were added and mixed in a microfuge tube. Ten microliters of 250 IU/ml GSH reductase (G-3664) were added with mixing to initiate the reaction. The absorbance was monitored continuously at 412 nm with a spectrophotometer for 3 min, with readings recorded every 0.5 min. To measure the concentrations of GSSG, the samples (10 ll) were vigorously mixed with 0.2 ll of 2-vinylpyridine and 0.6 ll triethanolamine. After 60 min, the sample was assayed STRESS AND OOCYTE ANEUPLOIDY as described above in the DTNB-GSSG reductase-recycling assay. Standards (0.01, 0.02, 0.1, 0.2, and 1.0 mM) of GSX and a sample blank lacking GSX was also assayed. The amount of GSX in each sample was divided by the number of oocytes to get the intracellular GSX concentration per oocyte. The reduced GSX (GSH) values were calculated from the difference between GSX and GSSG for each oocyte and expressed as pmol/oocyte.
Assay for Intraoocyte Reactive Oxygen Species
In order to quantify the reactive oxygen species (ROS) in individual oocytes, intraoocyte H 2 O 2 levels were measured using 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCHFDA) as described by Nasr-Esfahani et al. [43] . Stock solution of DCHFDA was prepared in dimethyl sulfoxide at 1 mM and stored in the dark at À208C. Immediately before use, the stock solution was diluted to 0.01 mM in M2. Cumulus-free oocytes were stained for 10 min with the DCHFDA solution. After being washed thoroughly to remove the traces of the dye, 10 oocytes were placed on a slide, covered with a coverslip, and observed under a Leica laser scanning confocal microscope. The fluorescence was obtained by excitation at 488 nm. Photographs were taken using fixed microscopic parameters, and the fluorescence intensity from each oocyte was analyzed using Leica software.
Data Analysis
In all the experiments except for the analysis of chromosome numbers, at least three replicates for each treatment was performed. Data were arc sine transformed and analyzed with ANOVA; a Duncan multiple comparison test was used to locate the differences; the software used was SPSS (Statistics Package for Social Science). Data are expressed as mean 6 SEM, and P , 0.05 was considered significant. In the experiments for the analysis of chromosome numbers, percentage t tests were conducted to compare percentages of oocytes with different karyotypes between the stressed and control mothers.
RESULTS
Maternal-Restraint Stress at the Prematuration Stage of Oocytes Increased Aneuploidy of Both In Vivo and In Vitro Matured Oocytes
Oocytes at the GV stage were collected from stressed and control mice at 48 h after eCG injection and were cultured for ZHOU ET AL. maturation in TCM-199 or a-MEM medium for 17 h. In vivo matured oocytes were recovered at 16 h after hCG injection. Both in vivo and in vitro matured oocytes at the MII stage were processed for chromosome analysis. Following maturation in both media, most (74%-98%) of the oocytes from either stressed or unstressed mothers showed normal haploid chromosomes (Fig. 1A) , with the rest (2%-26%) presenting either hyperhaploid (Fig. 1B) or hypohaploid (Fig. 1C)  chromosomes (Fig. 1, G-I) . Percentages of hyperhaploid oocytes were significantly higher in stressed than in control mothers after in vivo or in vitro maturation, and the difference was more obvious after maturation in a-MEM than in TCM-199. PSSC (Fig. 1, E and F) was observed in both the in vivo matured oocytes and oocytes matured in a-MEM, but the difference was not significant between stressed and control mice (Fig. 1, G-I ). Because the difference in aneuploidy of oocytes was more pronounced after maturation in a-MEM than in TCM-199, the following experiments were all conducted using oocytes matured in the a-MEM medium.
Maternal-Restraint Stress at the Prematuration Stage of Oocytes Impaired Development, but Increased Aneuploidy of the Resulting Parthenotes
Oocytes collected from stressed and control mice at 48 h after eCG injection were cultured for maturation in a-MEM medium. At 24 h of culture, oocytes were activated with SrCl 2 for parthenote development. Parthenotes developing to 2-to 4-cell or to blastocyst stages were processed for chromosome analysis. Diploid and aneuploid blastomeres from 4-cell parthenotes or blastocysts are shown in Figure 2 , A-C. Whereas percentages of parthenotes developing to either 4-cell or blastocyst stages were significantly lower (Fig. 2D) , the percentages of aneuploid 2-to 4-cell parthenotes were significantly higher in stressed than in control mice (Fig. 2, E  and F) . However, the difference in aneuploidy became insignificant when parthenotes developed to the blastocyst stage. The percentages of mosaic parthenotes between stressed and control mice were not different at the 2-to 4-cell or blastocyst stages.
Maternal-Restraint Stress Did Not Increase Chromosome Aneuploidy and PSC, but Affected Spindle Assembly of MI Oocytes
Because chromosomal abnormalities in MII oocytes can arise during meiosis I through structural or temporal aberrations in the separation of homologous chromosomes, the presence of hyperhaploidy in the MII oocytes led us to examine the chromosome number, spindle and chromosome alignment, and SAC in MI oocytes to see if these abnormalities could have given rise to the aneuploidy seen at the MII stage. To observe chromosome number and PSC, oocytes collected from stressed and control mice at 48 h after eCG injection were cultured in a-MEM containing 0.2 lg/ml demecolcine. At 10 h of culture, oocytes were processed for chromosome analysis. Hyperploidy was not observed in either control or stressed oocytes. PSC was observed (Fig. 3B) , but its percentages did not differ between Whereas graph D shows embryo development of parthenotes, graphs E and F show chromosome complements of parthenotes at the 2-or 4-cell stage and blastocyst stage, respectively. Both blastomeres of a 2-cell parthenote, at least three blastomeres of a 4-cell parthenote, and at least four blastomeres of a blastocyst were observed. A parthenote was considered diploid (Dipl) when all its blastomeres showed 40 chromosomes, aneuploid (Aneu) when all its blastomeres showed .40 or ,40 chromosomes, and mosaic (Mosi) when it contained a mixture of hypoploid, hyperploid, and/or diploid blastomeres. In the figure legend of each graph, C and S stand for control and stressed groups, respectively, and the number following them represents the number of oocytes observed in each C and S group. Values with a different letter above their bars differ significantly (P , 0.05).
STRESS AND OOCYTE ANEUPLOIDY stressed and control groups (Fig. 3C ). To observe chromosome spindle morphology, oocytes were cultured in regular a-MEM for 8.5 h before immunofluorescence microscopy. Oocytes were classified as those showing normal barrel-shaped spindle with the chromosomes well congressed on the metaphase plate (Fig. 4A ) and those with abnormal spindles. The abnormal spindles included asymmetric spindles with one pole wider than the other (Fig. 4B ), multipolar spindles (Fig. 4C) , and spindles with pronounced cytoplasmic asters (Fig. 4D) . Percentages of oocytes with abnormal spindles were significantly higher in stressed than in control mothers (Fig. 4F) . Oocytes with chromosomes displaced from the metaphase plate (Fig. 4E) were occasionally observed, but their incidence did not differ between stressed and control mothers. 
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MAPK Activity Was Hardly Detectable in Oocytes with Abnormal Spindles Following Maternal-Restraint Stress
Because MAPK activity is a critical regulator of microtubule assembly and spindle organization during oocyte maturation, we followed the distribution of active p-MAPK in stressed oocytes hoping to see a reduction or disappearance of MAPK activities in the oocytes with abnormal spindles. Oocytes recovered from restrained or control mice were cultured for 6.5 h in a-MEM medium, and at the end of the culture, the pro-MI (p-MI) oocytes were immunostained and observed under a confocal microscope for p-MAPK distribution. Whereas p-MAPK was obviously condensed at the spindle poles in oocytes with normal spindles, it was hardly discernable in oocytes with abnormal spindles (Fig. 5A) . A quantitative analysis indicated that whereas the level of p-MAPK in stressed oocytes with normal spindles (95%) did not differ from that of control oocytes with normal spindles (100%), stressed oocytes with abnormal spindles contained reduced levels (8%) of p-MAPK (Fig. 5B) . The results suggest that maternal restraint may interfere with spindle assembly by inhibiting the MAPK activity of oocytes.
Maternal-Restraint Stress Accelerated Oocyte Meiotic Progression by Down-Regulating Expression of SAC
To find out whether the aneuploidy observed in MII oocytes had arisen during meiosis I as a result of the absence of a rigorous checkpoint, meiotic progression and the expression of SAC (MAD2 and BUB1) were examined in oocytes after maternal-restraint stress. To study meiotic progression, GV oocytes collected from stressed and control mice at 48 h after eCG injection were cultured for maturation in a-MEM medium. At different times of culture, oocytes were fixed in 3:1 (v/v) ethanol: acetic acid and stained with 1% aceto-orcein to follow meiotic progression. At 3, 9, and 11 h of culture, the percentages of oocytes entering the p-MI stage, the anaphase I or telophase I (A/TI) stage, and the MII stage, respectively, were significantly higher in stressed than in control mice (Table  1) . A timetable drawn as reported by Sirard et al. [44] also indicated earlier entry and completion of A/TI in the stressed oocytes (Fig. 6) .
To observe the expression of MAD2 and BUB1, freshly collected GV oocytes and the p-MI oocytes collected at 6 h of in vitro maturation were subjected to Western blot analysis. The results indicated that following maternal-restraint stress the MAD2 and BUB1 levels increased significantly in GV oocytes and both proteins decreased in the p-MI oocytes although the difference was not statistically significant (Fig. 7) . Because the aneuploid MII oocytes and the MI oocytes with abnormal spindles accounted for only a small proportion of the total oocytes observed and the difference in the percentage of abnormal oocytes was only about 10% between stressed and control mice, we proposed that the insignificant difference in the expression of SAC between stressed and control oocytes as seen on Western blots could be due to the fact that only p-MI oocytes with abnormal spindles failed to express the proteins. To test our hypothesis, GV oocytes from stressed and control mice were matured in a-MEM medium and the p-MI oocytes were examined for BUB1 expression by immunofluorescence microscopy at 6.5 h of maturation. We found that whereas all the oocytes observed with normal spindles, whether from stressed or control mothers, showed intensive BUB1 expression, oocytes with abnormal spindles showed either faint or almost no expression of BUB1 (Fig. 8A) . A quantitative analysis indicated that whereas the level of BUB1 in stressed oocytes with normal spindles (88%) did not differ from that of control oocytes with normal spindles (100%), stressed oocytes with abnormal spindles contained reduced levels (35%) of BUB1 (Fig. 8B) . The results suggest that maternal-restraint stress accelerates oocyte meiotic progression by downregulating the expression of SAC. Oocytes at the GV stage from control or stressed mice were cultured in a-MEM medium for different times before being examined for meiotic progression.
The timetable was computed as reported by Sirard et al. [44] using data collected at 0-1, 3, 5, 7, 9, 11, and 15 h after the onset of culture.
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Stressed Oocytes That Entered MII Phase Earlier Were More Likely to Become Aneuploid
Although the above data based on analysis of fixed cells suggested earlier onset of anaphase in stressed oocytes, the difference was relatively small (although significant) between stressed and unstressed control oocytes. To test whether those oocytes that entered anaphase earlier were more likely to become aneuploid, chromosome ploidy was compared between stressed oocytes that extruded first polar bodies (PB1) earlier and those extruding PB1 later. The GV oocytes recovered from stressed mice were cultured for maturation in a-MEM medium. At 10 h of culture, oocytes with and without PB1 were separated and cultured further in different drops for 6 h before chromosome observation. The results showed that percentages of oocytes with hyperploidy were three times higher in the earlier matured oocytes (25/83) than in the later matured ones (8/89). Because oocytes that entered and completed anaphase I earlier most likely entered MII phase earlier (Fig. 6) , the results confirmed that stressed oocytes that entered anaphase I earlier were more likely to become aneuploid.
Maternal-Restraint Stress Induced Oxidative Stress of Oocytes
As physical and psychological stressors can cause oxidative stress that may induce aneuploidy by overriding SAC in somatic cells, we determined the effect of maternal-restraint stress on oocyte redox potential to see whether stress induced aneuploidy of oocytes by causing oxidative stress that interferes with spindle assembly and chromosome alignment. Effects of maternal-restraint stress on oxidative status of oocytes were first examined by measuring the intraoocyte levels of ROS (H 2 O 2 ). The GV oocytes collected from stressed and control mice at 48 h after eCG injection were cultured for maturation in a-MEM medium. At 15 h of culture, mature oocytes were assayed for intraoocyte ROS. The results showed that ROS levels were significantly higher in stressed oocytes than in control oocytes (Fig. 9) . The effects of maternalrestraint stress on redox potential of oocytes were further examined by measuring the intraoocyte total glutathione (GSX) levels and the reduced glutathione (GSH) to oxidized glutathione (GSSG) ratio after in vitro maturation of stressed and control oocytes because it is known that GSH/GSSG is the main redox buffer and the GSH/GSSG ratio is a very important indicator of the redox status of the cell [45, 46] . Although the GSX contents did not differ between stressed and control oocytes, GSH decreased while GSSG increased significantly in stressed oocytes, leading to a significant decline in the GSH/ GSSG ratio (Table 2) . Together, the results suggest that maternal-restraint stress induces oxidative stress in the oocyte.
DISCUSSION
We have found only one paper published on the effect of restraint stress on the chromosome constitution of mammalian oocytes. In that paper, Slozina and Neronova [31] report that acute restraint stress applied at the proestrus stage of rats significantly increases the frequency of oocyte aneuploidy. However, they use an immobilization approach with rats in a supine position, which might cause physical stress [47] , and what is more, the rats are immobilized under a light anesthesia with fluorine derivatives. Several studies have demonstrated that anesthetics are aneugens that induce chromosome abnormalities in mammalian oocytes [48, 49] . Using a restraint system that mimics psychological stress as much as possible and excludes as many other stressing factors as possible [15] , the present study unequivocally demonstrates that restraintinduced psychological stress of females during the prematuration stage of oocyte development increases aneuploidy of mouse oocytes matured both in vivo and in vitro. In this study, blastocyst rates tend to be lower (data not shown) while the percentages of aneuploid MII oocytes tend to be higher in oocytes matured in modified a-MEM than in oocytes matured in TCM-199. It should be noted that whereas the modified a-MEM used in this study is incomplete with nucleic acids and vitamins omitted and without serum supplementation, the TCM-199 medium is complete with serum and growth factor supplementation. Thus, the chromosomes of the stressed oocytes are more susceptible to the genesis of aneuploidy when meiosis I takes place under suboptimal conditions. Sister chromatids of aged oocytes are more susceptible to precocious chromatid separation when maturation occurs in the absence of cumulus and follicular fluid meiosis-activating sterol [50] . Furthermore, Roberts et al. [51] demonstrate that exposure to high levels of FSH during in vitro maturation accelerates nuclear maturation and induces chromosomal abnormalities, highlighting the importance of the medium ingredients during in vitro maturation on oocyte health.
To further confirm the aneuploidy observed in MII oocytes, we examined chromosome constitution in parthenotes derived from these oocytes. The results demonstrate that the percentages of aneuploid 2-to 4-cell parthenotes are significantly higher in parthenotes derived from stressed oocytes than in parthenotes produced by control oocytes. Parthenotes are used because the impact of sperm-derived chromosomes on embryo chromosome constitution could be excluded. Early studies had to use difficult methods such as differential condensation and DNA polymorphisms of paternal and maternal chromosomes to elucidate the parental origin of aneuploidy in first-cleavage mouse embryos [52, 53] or human infants and adults [54] . Furthermore, cytochalasin B is used in the present study to inhibit cytokinesis of the second meiosis after oocyte activation to rule out the impact of PSSC observed in MII oocytes on embryo chromosome complements. Parthenote chromosome complements are classified into diploid, aneuploidy, and mosaic in the current study. Among the embryos with abnormal chromosome numbers, the aneuploid embryos showing either hyperploid or hypoploid blastomeres could have been derived from hyperhaploid or hypohaploid MII oocytes, respectively, while the mosaic embryos with hypoploid, hyperploid, and/or diploid mixed blastomeres could have been produced by nondisjunction during the early cleavage stages [55] . The study by Yoon et al. [54] conclude that 86% of the human trisomy 21 cases are maternal in origin, 9% are paternal in origin, and 5% occur during the mitotic divisions of the embryo. Furthermore, the incidence of aneuploidy has been reported in both first-cleavage and morulae/blastocyst stage mouse embryos and increases with increasing maternal age [56, 57] .
Following oocyte maturation in a-MEM in this study, although the percentages of aneuploid 2-/4-cell parthenotes (8.5%) and aneuploid MII oocytes (6.2%) are similar to that found in unstressed control mice, the percentage of aneuploid parthenotes (19.4%) is significantly lower than that of aneuploid MII oocytes (25.8%) in stressed mice. This suggests that parthenotes from stressed oocytes are less viable during early cleavage than parthenotes from unstressed control oocytes and that death of aneuploid parthenotes could occur as early as the 2-cell stage. There are two possibilities for the low viability of the stressed oocytes-derived parthenotes. First, they are less viable because they are aneuploid. The present results indicate that the proportion of aneuploid parthenotes decreases significantly as the stressed oocyte-derived parthenotes develops to the blastocyst stage. It has been reported that the proportion of fetuses that are aneuploid decreases as pregnancy proceeds [58] . In man, few autosomal monosomic abortuses have been found although trisomic spontaneous abortuses are common [59] . It has been assumed that monosomics and trisomics are produced with approximately equal frequencies at fertilization but that postimplantation selection due to lower viability of monosomics results in the observed differences later in development [58] . Second, the stressed oocytes-derived parthenotes are less competent because the oocytes from which they are derived are not fully mature in their cytoplasm. In this study, for example, although the proportion of the aneuploid parthenotes from stressed oocytes decreases significantly from the 2-/4-cell stage to the blastocyst stage, still some (6%) develop into blastocysts. Furthermore, whereas blastocyst rates differ significantly, the proportion of aneuploid blastocysts do not differ between stressed and control oocytes. This suggests that factors other than aneuploidy contribute to the low developmental potential of stressed oocytes-derived parthenotes. Studies have shown that oxidative stress during in vitro maturation impairs oocyte developmental potential [60, 61] and that it may induce aneuploidy in somatic cells by overriding the SAC [62] . In summary, our observations on chromosome complements of both MII oocytes and parthenotes confirm a detrimental effect of maternal-restraint psychological stress on oocyte ploidy.
To study the mechanisms by which maternal-restraint stress induces aneuploidy in MII oocytes, the present study shows that although the stress did not increase chromosome aneuploidy and PSC, it does significantly affect spindle assembly significantly during meiosis I of mouse oocytes. The percentages of MI oocytes with abnormal spindles match roughly the percentages of MII oocytes with aneuploidy, highlighting the importance of spindle assembly in the genesis of aneuploidy. Furthermore, maternal restraint accelerates oocyte progression of anaphase I while down-regulating the expression of SAC in p-MI oocytes. Taken together, these   FIG. 9 . Effects of maternal-restraint stress on ROS levels of mouse oocytes after maturation in vitro. A, B) Confocal microscopic images of mouse oocytes from control and stressed mothers, respectively. Oocytes were observed under a laser confocal microscope after staining with 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCHFDA), and the obtained images were analyzed for the fluorescence intensity of each oocyte (levels of ROS). Bar ¼ 100 lm. C) Results of the analysis for ROS levels. Each treatment was repeated six times, and each replicate contained 10 oocytes. Values without a common letter above the bars differ significantly (P , 0.05). Error bars are 6 SEM.
results suggest that maternal restraint increases oocyte aneuploidy by impairing MI spindle assembly and reducing SAC (Fig. 10) . Whereas abnormal spindle assembly would result in failure of centromere attachment to the spindle of some chromosomes, a reduction in the expression of SAC would accelerate the progression of anaphase I. The accelerated anaphase would deprive the oocyte of time for the detached chromosomes to repair their centromere attachment; as a result, the unattached chromosome would go along with its homologous partner into the same oocyte or first polar body (nondisjunction) at the end of meiosis I, leading to the formation of trisomic or monosomic secondary oocytes. We find that the percentages of oocytes with hyperploidy are three times higher in the earlier matured oocytes than in the later matured ones following maternal-restraint stress. It has been reported in other systems that while anomalies in the structural attachments between chromosomes (chiasmata) play a significant role [63] , spindle structure is also important in the genesis of nondisjunction [48, 49, 64] . Furthermore, a failure of centromere attachment to the spindle can result in the loss of chromosomes because chromosomal displacement from the meiotic spindle in the absence of a rigorous checkpoint does not prevent progression to anaphase I and the completion of meiosis I [65, 66] .
We also observed that maternal restraint suppresses MAPK activity while oxidative stress increases in the oocytes. In somatic cells, physical and psychological stressors causes oxidative damage by inducing an imbalance between the prooxidant and antioxidant status [67, 68] and oxidative stressinduced proteolysis of the anaphase inhibitor securin and mitotic cyclins [62] . Furthermore, studies in rodent [69] [70] [71] and goat [72, 73] oocytes suggest that maturation-promoting factor (MPF) might be an upstream regulator of the MAPK/ MOS pathway during meiotic maturation. It is thus suggested that maternal restraint induces intraoocyte oxidative stress, which then reduces MAPK activities (Fig. 10) , possibly by down-regulating MPF activity. A decrease in MAPK activities would impair spindle assembly because MAPK activity is a critical regulator of microtubule assembly and spindle organization during oocyte maturation [74] [75] [76] . In addition, studies have shown that MAPK is important for the establishment and maintenance of SAC after microtubule depolymerization. For example, immunodepletion of endogenous MAPK from interphase extracts of Xenopus eggs prevents the establishment of SAC, and the SAC can be rescued by adding back recombinant MAPK [77] . In addition, the staining of active MAPK on kinetochores of metaphase chromosomes is greatly enhanced after activation of SAC by the microtubule depolymerizing drug nocodazole, and expression of MAPK phosphatase is able to abolish the nocodazoleinduced arrest [78, 79] . Finally, the present study provides the first evidence that increased oxidative stress is associated with reduced expression of SAC.
In conclusion, for the first time, we have studied the effect and mechanism of action of maternal psychological stress on oocyte aneuploidy using a restraint system that mimics psychological stress as much as possible and excludes as many other stressing factors as possible. Analysis on chromosome complements of both MII oocytes and parthenotes confirms that maternal-restraint stress applied at the prematuration stage of oocyte development increases aneuploidy in both in vivo and in vitro matured oocytes and that the percentages of aneuploid oocytes are three times higher in the earlier matured oocytes than in the later matured ones following maternal-restraint stress. Further observations indicate that maternal restraint 1) impairs MI spindle assembly while inhibiting MAPK activities, 2) accelerates progression of anaphase I while down-regulating the expression of SAC, and 3) induces intraoocyte oxidative stress. Together, the results suggest that maternal-restraint stress increases oocyte aneuploidy by impairing MI spindle assembly and decreasing SAC. Whereas abnormal spindles would affect centromere attachments, a reduction in SAC would accelerate the anaphase I progression. Failure of centromere attachment, together with the hastened anaphase, would result in nondisjunction of the unattached chromosomes. Furthermore, maternal-restraint stress might impair spindle assembly and SAC function by inducing intraoocyte oxidative stress, which would then reduce MAPK activity, a critical regulator of microtubule assembly and the establishment and maintenance of SAC during oocyte maturation. Thus, maternal-restraint stress diminishes oocyte developmental potential by both inducing aneuploidy and impairing ooplasmic maturation. The data have provided useful information not only for the healthy reproduction of human and animals but also for understanding the molecular mechanism for the genesis of aneuploidy. Maternal-restraint stress induced intraoocyte oxidative stress, which then inhibited MAPK activities and impaired ooplasmic maturation. A decrease in the MAPK activity affected spindle assembly and decreased the expression of SAC. Whereas impaired spindle assembly led to failure of centromere attachment of some chromosomes, a reduction in SAC accelerated progression of anaphase I. The accelerated anaphase would deprive the oocyte of the time needed for the detached chromosomes to repair their centromere attachment; as a result, the unattached chromosome would advance with its homologous partner into the same oocyte or first polar body (nondisjunction) at the end of meiosis I, leading to the formation of trisomic or monosomic secondary oocytes. Thus, maternalrestraint stress diminishes oocyte developmental potential by both inducing aneuploidy and impairing ooplasmic maturation.
